Introduction {#sec1}
============

Stroke is one of the leading causes of mortality and morbidity worldwide.[@bib1] Currently, only tissue plasminogen activator (tPA) is proven as an effective drug treatment clinically.[@bib2] However, due to a limited time window and high hemorrhagic risk, only 1%--2% of patients have benefitted from this treatment.[@bib3] There is a critical need to develop new strategies for stroke therapy improvement.

Poor blood flow-induced cell death is the main pathology of stroke.[@bib4] Blood flow restoration could be a potential therapeutic strategy for treating ischemic stroke.[@bib5] Angiogenesis has been demonstrated as a significant event that resulted in brain microvasculature changes following cerebral ischemia. Previous reports have shown that angiogenesis occurred 7 and 14 days after ischemia in rodents and occurred in human brain as early as 3 days following ischemic insult.[@bib6], [@bib7], [@bib8] In addition, clinical observation demonstrated a strong correlation between neovascularization and functional recovery, suggesting that newly formed vessels contributed to behavioral outcomes after ischemic stroke.[@bib9]

Gene-based or stem cell-based therapy could improve neurobehavioral outcomes and reduce ischemic brain injury by promoting angiogenesis.[@bib6], [@bib10], [@bib11] Our previous studies demonstrated that netrin-1 (NT-1) and stromal cell-derived factor-1 (SDF-1) overexpression increased angiogenesis in ischemic mouse brains.[@bib11], [@bib12], [@bib13], [@bib14] Although exogenous angiogenic genes increased angiogenesis in experimental cerebral ischemia models, several disadvantages limited its clinical translation. First, gene was transferred to animals before ischemic insult, which was not acceptable for clinical application.[@bib7], [@bib11], [@bib15] Second, many angiogenic factors were large molecules and difficult to cross the blood-brain barrier (BBB).[@bib16] Stem cell-based therapy also showed great potential for promoting angiogenesis. Mesenchymal stem cells (MSCs) enhanced focal angiogenesis by increasing the levels of endogenous vascular endothelial growth factor (VEGF) and vascular endothelial growth factor receptor 2 (VEGFR2) in the ischemic perifocal region.[@bib17] Endothelial progenitor cells (EPCs) promoted neurovascular repair and improved long-term neurobehavioral outcomes by the SDF-1/C-X-C chemokine receptor type 4 (CXCR4) signaling pathway.[@bib18] Despite these promising initial results, its therapeutic efficiency is still low due to poor cell survival.[@bib19] Thus, there is a critical need to develop novel strategies to improve angiogenesis after cerebral ischemia.

MicroRNAs (miRNAs) were important biological factors because they could cross the BBB and target multiple angiogenesis-associated genes.[@bib16] Various miRNAs' angiogenic function has been tested. Our previous studies showed that miRNA-210 overexpression promoted angiogenesis by upregulating brain-derived neurotrophic factor (BDGF).[@bib20] miRNA-126, the most abundant miRNA in endothelial cells, was reported to play a vital role in angiogenesis. miRNA-126 possesses two mature strands: miRNA-126-3p and miRNA-126-5p.[@bib21] Studies showed miRNA-126-3p promoted angiogenesis in rat heart by activating mitogen-activated protein kinase (MAPK) and AKT signaling pathways.[@bib22] Injection of exosomes that derived from miRNA-126-3p-overexpressing adipose-derived stem cells prevented myocardial injury by protecting myocardial cells from apoptosis, inflammation, fibrosis, and increased angiogenesis.[@bib23] However, whether miRNA-126 could promote angiogenesis after stroke remains largely unexplored.

In this study, we explored the effects of miRNA-126 in angiogenesis after ischemic stroke and its downstream target. In addition, we also tested the function of miRNA-126 in neurogenesis, and whether such increased angiogenesis and neurogenesis could further improve behavioral outcomes in adult ischemic mice.

Results {#sec2}
=======

LV-miRNA-126-3p and LV-miRNA-126-5p Transduction Increased miRNA-126 Expression in HUVECs {#sec2.1}
-----------------------------------------------------------------------------------------

To determine the effects of miRNA-126-3p and miRNA-126-5p on the function of human umbilical vein endothelial cells (HUVECs), HUVECs were transduced with lentiviral vector carrying miRNA-126-3p, miRNA-126-5p, miRNA-126-3p sponge, or miRNA-126-5p sponge ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Flow cytometry analysis showed that about 70% of HUVECs were transduced with lentivirus ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Real-time PCR analysis showed that miRNA-126-3p and miRNA-126-5p expression were upregulated in HUVECs transduced with lentiviral-miRNA-126-3p (LV-miRNA-126-3p) and miRNA-126-5p ([Figure S1](#mmc1){ref-type="supplementary-material"}C). Interestingly, the expression of miRNA-126-3p and miRNA-126-5p were comparable in HUVECs transduced with LV-miRNA-126-3p sponge, miRNA-126-5p sponge, and LV-GFP sponge ([Figure S1](#mmc1){ref-type="supplementary-material"}C), suggesting transduction of miRNA-126-3p and miRNA-126-5p sponge blocked the binding between miRNA-126-3p and miRNA-126-5p and their target genes, rather than degrading miRNAs.

miRNA-126-3p and miRNA-126-5p Overexpression Promoted HUVEC Proliferation, Migration, and Tube Formation {#sec2.2}
--------------------------------------------------------------------------------------------------------

To detect the effects of miRNA-126-3p and miRNA-126-5p on the function of HUVECs, we examined the proliferation and migration of HUVECs transduced with LV-miRNA-126-3p and LV-miRNA-126-5p. We found that both miRNA-126-3p and miRNA-126-5p overexpression promoted HUVEC proliferation and migration; inhibiting miR-126-3p and miRNA-126-5p reversed these functions ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B; p \< 0.05). We further examined tube formation in the miRNA-126-3p or miRNA-126-5p transduced HUVECs. Results showed that both miRNA-126-3p and miRNA-126-5p overexpression promoted HUVEC tube formation, and inhibiting miR-126-3p and miRNA-126-5p reversed these cells' function ([Figure S2](#mmc1){ref-type="supplementary-material"}C; p \< 0.05). It was noted that miRNA-126-3p transduction significantly increased tube formation of HUVECs compared with the miRNA-126-5p transduced group ([Figure S2](#mmc1){ref-type="supplementary-material"}C; p \< 0.05). Meanwhile, miR-126-3p sponge transduction significantly decreased HUVEC tube formation compared with the miR-126-5p sponge transduced group ([Figure S2](#mmc1){ref-type="supplementary-material"}C; p \< 0.05).

miRNA-126 Overexpression Reduced Brain Atrophy Volume and Improved Neurobehavioral Recovery in Ischemic Mice {#sec2.3}
------------------------------------------------------------------------------------------------------------

We first examined miRNA-126-3p and miRNA-126-5p expression in an infarct border zone of ischemic mouse brain at 1, 3, 7, and 14 days after middle cerebral artery occlusion (MCAO). miRNA was isolated from the ipsilateral hemisphere of ischemic mice (infarct hemisphere), including cortex and striatum. miRNA-126-3p and miRNA-126-5p expression were significantly decreased from days 3 to 14 after MCAO ([Figure 1](#fig1){ref-type="fig"}A). To determine the effects of miRNA-126 on the ischemic brain injury, we injected lentiviral vector carrying miRNA-126 into the mouse brain, and animals were sacrificed 2 and 3 weeks after lentiviral vector injection for histological and biological analysis ([Figure 1](#fig1){ref-type="fig"}B). Fluorescent imaging showed GFP successfully expressed in ischemic mouse brain 2 and 3 weeks after lentiviral vector injection, and lentivirus-carrying miRNA-126 transfected both neurons and endothelial cells ([Figure S4](#mmc1){ref-type="supplementary-material"}). Our PCR results demonstrated that miRNA-126 expression was upregulated in both cortex and striatum of ischemic mice ([Figures 1](#fig1){ref-type="fig"}C and 1D). We also found that a cavity was detected in mouse brain at 3 and 4 weeks after permanent middle cerebral artery occlusion (pMCAO) even without any virus treatment ([Figure S3](#mmc1){ref-type="supplementary-material"}), suggesting an MCAO injury-induced cavity was formed in the mouse brain. We further evaluated whether miRNA-126 overexpression could reduce infarct volume and improve neurobehavioral recovery. Cresyl violet staining showed that atrophy volume was significantly decreased in the LV-miRNA-126 transduced group compared with the control group ([Figure 1](#fig1){ref-type="fig"}E; p \< 0.05), and miRNA-126 overexpression significantly reduced neurological deficits and improved behavioral recovery, as shown by modified neurological severity scores (mNSSs) and rotarod test ([Figure 1](#fig1){ref-type="fig"}F; p \< 0.05).Figure 1Overexpression of miRNA-126 Reduced Brain Atrophy Volume and Improved Neurobehavioral Recovery in Ischemic Mice(A) Bar graph revealed the expression of miRNA-126-3p and miRNA-126-5p in brain tissue of the sham group and pMCAO group at 1, 3, 7, and 14 days after ischemia. n = 3 per group. (B) Diagram of experimental design. (C) Fluorescent imaging showed GFP expression in ischemic mouse brain at 2 and 3 weeks after lentiviral vector injection. Scale bar, 250 μm. (D) Real-time PCR showed miRNA-126 expression in cortex and striatum of ischemic mice at 2 and 3 weeks after lentiviral vector injection. n = 6 per group. (E) Representative photomicrographs of coronal sections stained by cresyl violet for evaluation and quantification of brain atrophy. n = 6 per group. (F) Bar graphs summarized the results of mNSS evaluation and rotarod test in LV-miRNA-126- and LV-GFP-treated groups. n = 8--10 per group. Data were presented as median ± 95% confidence interval. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.

miRNA-126 Overexpression Promoted Angiogenesis and Neurogenesis *In Vitro* {#sec2.4}
--------------------------------------------------------------------------

To explore the effects of miRNA-126 on angiogenesis, we measured the length and diameter of blood vessels in ischemic mice brain transduced by lentiviral vector. Our results demonstrated that overexpression of miRNA-126 significantly increased the length and diameter of blood vessels, compared with the GFP group at 2 and 3 weeks after lentiviral vector injection ([Figure 2](#fig2){ref-type="fig"}A). In addition, overexpression of miRNA-126 substantially increased the number of 5-bromo-2′-deoxyuridine-positive (BrdU^+^)/CD31^+^ cells in the peri-focal region at 2 and 3 weeks after lentiviral vector injection, compared with the GFP group ([Figure 2](#fig2){ref-type="fig"}B). These results indicated that miRNA-126 promoted vessel remodeling and angiogenesis after cerebral ischemia.Figure 2miRNA-126 Promoted Angiogenesis and Vessel Remodeling in Ischemic Mice(A) Photomicrographs showed cluster of CD31^+^ microvessels in the ipsilateral hemisphere after pMCAO in LV-GFP and LV-miRNA-126 groups. Bar graphs showed the length and diameter of vessels in the ipsilateral hemisphere of ischemic mice at 2 and 3 weeks after lentiviral vector injection. Scale bar, 50 μm. n = 5 per group. (B) Representative photomicrographs showed CD31 and BrdU double-positive cells in ischemic mice. Bar graphs showed the number of CD31^+^/BrdU^+^ cells in the ipsilateral hemisphere. Scale bar, 12.5 μm. Inserted box indicated staining result using isotype-matched IgG control. n = 5 per group. Data were presented as mean ± SD. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.

To explore whether miRNA-126 promoted neurogenesis, we performed doublecortin (DCX)/BrdU double staining. As shown in [Figure 3](#fig3){ref-type="fig"}, miRNA-126 overexpression significantly increased the number of DCX^+^/BrdU^+^ cells in the subventricular zone (SVZ) at 2 and 3 weeks and in the perifocal region at 3 weeks after lentiviral vector injection, suggesting that miRNA-126 promoted neurogenesis.Figure 3miRNA-126 Promoted Neurogenesis in Ischemic Mouse Brain(A) Double immunostaining of DCX^+^ and BrdU^+^ cells and quantification of DCX^+^/BrdU^+^ cells in the SVZ after lentiviral vector injection. n = 5 per group. Scale bar, 50 μm. (B) Double immunostaining of DCX^+^ and BrdU^+^ cells and quantification of DCX^+^/BrdU^+^ cells in the perifocal region of the ipsilateral hemisphere after lentiviral vector injection. Inserted box indicated staining result using isotype-matched IgG control. n = 5 per group. Scale bar, 50 μm. Data were presented as mean ± SD. \*\*p \< 0.01; \*\*\*p \< 0.001.

*PTPN9* Was the Direct Downstream Target Gene of miRNA-126 {#sec2.5}
----------------------------------------------------------

To explore the underlying mechanism of miRNA-126 in angiogenesis and neurogenesis, we examined phosphorylation of AKT and ERK. Protein was isolated from the ipsilateral hemisphere of the brain including cortex and striatum. Western blot results showed miRNA-126 overexpression significantly elevated the expression of p-AKT and p-ERK in the ischemic mouse brain, compared with the control group ([Figure 4](#fig4){ref-type="fig"}).Figure 4miRNA-126 Activated AKT and ERK Signaling Pathways in pMCAO Mice(Left) Western blot results showed expression of p-ERK and p-AKT in ischemic mouse brain at 2 and 3 weeks after lentiviral vector injection. (Right) Quantification data from left panel. n = 5 per group. Data were presented as mean ± SD. \*p \< 0.05; \*\*p \< 0.01.

We then examined the expression of downstream genes of miRNA-126-3p and miRNA-126-5p, including *DUSP10*, *SPRED1*, *PTPN9*, *PTPN7*, and *PIK3R2*, which were all related to AKT and ERK signaling pathways. RNA was isolated from the ipsilateral hemisphere of the brain, including cortex and striatum. Our real-time PCR results demonstrated that *PTPN9*, *SPRED1*, and *PIK3R2* were significantly decreased 2 and 3 weeks after LV-miRNA-126 treatment, and β-actin was used as a housekeeper ([Figures 5](#fig5){ref-type="fig"}A--5E). By searching miRNA-126-3p and miRNA-126-5p seed sequence and mice *PTPN9* 3′ UTR, we found that *PTPN9* 3′ UTR was complementary to nucleotides 2--7 of the miRNA-126-5p sequence and nucleotides 2--8 of the miRNA-126-3p sequence ([Figure 5](#fig5){ref-type="fig"}F). Our western blot results further demonstrated that miRNA-126-3p and miRNA-126-5p inhibited PTPN9 expression ([Figures 5](#fig5){ref-type="fig"}G and 5H). The experimental and matching results illustrated *PTPN9* might be a potential target of both miRNA-126-3p and miRNA-126-5p in mice. Further studies showed that overexpression of miR-126 reduced PTPN9 in neurons ([Figures S6](#mmc1){ref-type="supplementary-material"}A--S6C). To confirm whether PTPN9 was the direct target of miRNA-126-3p and miRNA-126-5p, we cloned *PTPN9* mRNA 3′ UTR fragment to a luciferase reporter plasmid containing the putative miRNA-126-3p and miRNA-126-5p binding sites. Luciferase reporter plasmid and miRNA mimic were co-transfected in 293T cells. Luciferase activity level was reduced in the cells co-transfected with miRNA-126-3p/miRNA-126-5p mimic and *PTPN9* mRNA 3′ UTR fragment group, compared with the mimic control and the *PTPN9* 3′ UTR fragment group ([Figure 5](#fig5){ref-type="fig"}I).Figure 5miRNA-126 Overexpression Inhibited Tyrosine-Protein Phosphatase Non-receptor Type 9(A--E) Real-time PCR showed expression of (A) *DUSP10*, (B) *PIK3R2*, (C) *SPRED1*, (D) *PTPN7*, and (E) *PTPN9* in ischemic mice at 2 and 3 weeks after lentiviral vector injection. n = 5 per group. (F) The 3′ UTR of the *PTPN9* gene contains binding sites for both miRNA-126-3p and miRNA-126-5p according to bioinformatic analysis. (G) Western blot showed the expression of PTPN9 in ischemic mice at 2 and 3 weeks after lentiviral vector injection. (H) Quantification data from (G). n = 5 per group. (I) Bar graph represented luciferase activity in control plus PTPN9, control plus mutant PTPN9, miRNA-126-3p plus PTPN9, miRNA-126-3p plus mutant PTPN9, miRNA-126-5p plus PTPN9, and miRNA-126-5p plus mutant PTPN9. n = 3 per group. Data were presented as mean ± SD. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.

Discussion {#sec3}
==========

Angiogenesis plays an important role in improving neurobehavioral recovery after stroke.[@bib24] In the present study, we explored the function of miRNA-126-3p and miRNA-126-5p in angiogenesis using *in vitro* and *in vivo* models. We found that overexpression of both miRNA-126-3p and miRNA-126-5p promoted the proliferation, migration, and tube formation of HUVECs; contributed to angiogenesis and neurogenesis in the ischemic mice brain; and further improved behavioral recovery by downregulating PTPN9 and activating AKT and ERK signaling pathways.

It has been well documented that miRNA-126 was critically involved in regulating angiogenesis. However, the effects of miRNA-126-3p and miRNA-126-5p on angiogenesis are still controversial. Zhou et al.[@bib25] demonstrated different effects of miRNA-126-5p and miRNA-126-3p on angiogenesis using different models. They found that inhibition of miRNA-126-3p in the laser injury-induced choroidal neovascularization (CNV) model repressed neovascularization. In the study, anti-miR-126-3p, anti-miR-126-5p, or a scramble control was subretinally injected into the eye immediately following laser injury in three locations and regressed neovascularization at postinjury days 3 and 7. However, silencing of miR-126-5p did not significantly impact neovascularization. In addition, they found that injection of miR-126-3p mimic subretinally after laser injury led to ∼60% decrease in neovascularization, whereas miR-126-5p mimic significantly but mildly enhanced laser-induced neovascularization. They further used HUVEC as an *in vitro* model to dissect the roles of miR-126-3p and miR-126-5p on angiogenesis. Under starvation condition, miR-126-5p, but not miR-126-3p, significantly increased proliferation and migration of HUVECs *in vitro*, which is different from the *in vivo* data.[@bib25] Conversely, Cao et al.[@bib26] illustrated miRNA-126-3p overexpression promoted HUVEC migration and tube formation, and injection of 2.5 μg of miRNA-126-3p into hindlimb 2 weeks after femoral artery ligation increased microvascular perfusion and vascular density of the ischemic hindlimb, but they did not detect the function of miRNA-126-5p. In our study, we tested and compared the function of both miRNA-126-3p and miRNA-126-5p on angiogenesis by evaluating proliferation, migration, and tube formation of HUVECs. We found overexpression of both miRNA-126-3p and miRNA-126-5p significantly increased the proliferation, migration, and tube formation of HUVECs. Interestingly, miRNA-126-3p showed better effects on tube formation, which is different from Zhou et al.'s[@bib25] study. Taken together, all of the studies suggested that the role of miR-126 in angiogenesis depends on cell type, animal model, and strand of miR-126.

The majority of patients still suffer from various long-term neurological deficits, even though they survive after timely treatment in the acute phase of ischemic stroke.[@bib27] One of the major issues is limited angiogenesis and neurogenesis in the post-acute phase.[@bib12] Therapeutic strategies that focus on improving angiogenesis and neurogenesis in the post-acute phase would be beneficial for improving functional recovery after stroke.[@bib10] Previous studies showed that miRNA-126-3p promoted cardiac angiogenesis by directly downregulating SPRED1 and PIK3R2 and indirectly regulating the VEGF pathway.[@bib22] Mathiyalagan et al.'s[@bib28] study demonstrated that exosomes derived from CD34^+^ cells repaired ischemic hindlimb, but knocking down miRNA-126-3p abolished their angiogenic activity and beneficial function both *in vitro* and *in vivo*. MSCs modified with miRNA-126-3p released angiogenic factors and activated Notch ligand Delta-like-4, enhancing ischemic angiogenesis in cardiac reparation.[@bib29] However, the angiogenic and neurogenic effects of miRNA-126 in stroke have never been explored. In this study, we overexpressed miRNA-126 in the peri-infarct area of ischemic mice 1 week after stroke. Our results showed that expression of miRNA-126-3p and miRNA-126-5p was increased 2 and 3 weeks after lentiviral vector injection, and such upregulated miRNA-126 promoted angiogenesis and neurogenesis.

In our study, miRNA-126 treatment promoted the proliferation of few endothelial cells; however, we also found that injection of miRNA-126 increased the vessel length and vessel diameter, suggesting miRNA-126 is beneficial for promoting vascular remodeling, rather than only promoting angiogenesis. And such miRNA-126-mediated vascular remodeling contributed to behavioral recovery of mice subjected to stroke, suggesting miR-126 treatment holds biological relevance to the overall recovery of the animals.

It was noted that higher expression of miRNA-126 was achieved at 3 weeks after lentiviral vector injection than 2 weeks. However, no significant difference of angiogenesis and neurogenesis was observed between 2 and 3 weeks following lentiviral vector injection, suggesting the effects of miRNA-126 in angiogenesis was already saturated at the second week, and increasing the level of miRNA-126 at week 3 could not further promote its angiogenic and neurogenic effects.

miRNA-126-mediated neurovascular remodeling was beneficial for reducing brain atrophy volume and improving neurological outcomes. Recent findings suggested that strategies to enhance angiogenesis and neurogenesis for brain injuries may provide promising opportunities to improve clinical outcomes during brain functional recovery.[@bib30] Newly formed blood vessels removed necrotic tissue and provided trophic factors.[@bib31] Neurogenesis increased the neuroblasts proliferation, neural stem cells recruitment, and their neuronal differentiation, leading to long-term improvement of neurological function.[@bib32], [@bib33], [@bib34]

Studies demonstrated that miRNA-126 activated AKT and ERK signaling pathways,[@bib35] which are associated with angiogenesis and neurogenesis.[@bib36], [@bib37], [@bib38] Previous studies showed that miRNA-126 activated AKT and ERK signaling pathways by directly binding with PIK3R2 and SPRED1, and upregulated SDF-1 expression to elevate the migration of stem cells.[@bib35], [@bib39] We found these pathways were also activated after miRNA-126 treatment. To explore the downstream target of miRNA-126, PTPN9 was chosen as a potential downstream target of miRNA-126. PTPN9 is a member of the protein tyrosine phosphatase (PTP) family and inhibits the phosphorylation of AKT and ERK.[@bib40], [@bib41] In addition, previous study showed that overexpression of PTPN9 reduces MAPK and AKT signaling activation, resulting in decreased glioma cell viability.[@bib42] Studies showed PTPN9 was expressed in endothelial cell and modulated endothelial cell function.[@bib43] It has been also demonstrated as an inhibitor of angiogenesis by negatively regulating VEGFR2 and downregulating AKT and MAPK signaling pathways.[@bib40], [@bib41], [@bib42] In our study, we found PTPN9 expression was significantly decreased in miRNA-126-treated mice. Comparing miRNA-126-3p and miRNA-126-5p seed sequence with 3′ UTR of mice *PTPN9*, we found that *PTPN9* 3′ UTR exactly matched to positions 2--8 of mature miRNA-126-3p and positions 2--7 of mature miRNA-126-5p. Furthermore, luciferase gene reporter assay confirmed mice *PTPN9* was the direct target gene of miRNA-126-3p and miRNA-126-5p. It is noted that in our study the change of PTPN9 level does not reflect the change of miR-126 expression, probably because stroke itself induces more PTPN9 expression at week 3 than week 2, or miR-126 has multiple targets and PTPN9 is one of them.

In summary, our study suggested that overexpression of miRNA-126 is beneficial for promoting angiogenesis and neurogenesis, and improving neurobehavioral recovery of ischemic mice, by directly modulating its downstream target *PTPN9* ([Figure 6](#fig6){ref-type="fig"}).Figure 6miRNA-126 Promotes Angiogenesis by Inhibiting PTPN9 and Activating AKT and ERK Signaling PathwaysmiRNA-126-3p and miRNA-126-5p decreased after pMCAO. Transducing LV-miRNA-126 increased miRNA-126-3p/5p in the ischemic hemisphere. PTPN9 was degraded by miRNA-126-3p/5p, and thus activated AKT and ERK signal pathways and promoted angiogenesis.

Materials and Methods {#sec4}
=====================

Animal Experiments {#sec4.1}
------------------

Two-month-old adult male ICR mice (n = 60) weighing 28--32 g were used in our study. Experimental animal studies were performed in accordance with the Animal Research: Reporting of *In Vivo* Experiments (ARRIVE) guidelines with government approval by the State Agency for Nature, Environment and Consumer Protection North Rhine-Westphalia. The procedures for the use of laboratory animals were approved by the Institutional Animal Care and Use Committee (IACUC) of Shanghai Jiao Tong University, China. During animal studies, the regulation for the Administration of Affairs concerning experimental animals in China enacted in 1988 were followed.

Mice were anesthetized by ketamine and xylazine (100/10 mg/kg; Sigma-Aldrich, St. Louis, MO, USA). MCAO was performed as described previously.[@bib44] Left common carotid artery, internal carotid artery, and external carotid artery were carefully isolated. A 6--0 nylon suture (Covidien, Mansfield, MA, USA) coated with silica was gently inserted from the external carotid artery stump to the internal carotid artery and occluded the origin of the middle cerebral artery (MCA). Body temperature was maintained at 37°C ± 0.5°C throughout the surgery using a heating pad (RWD Life Science, Shenzhen, China). Successful occlusion was verified by a Laser Doppler Flowmetry (Moor Instruments, Axminster, Devon, UK). The overall mortality rate was 20% in the study.

Lentiviral Vector Construction and Production {#sec4.2}
---------------------------------------------

Plasmids of LV-miRNA-126-3p, LV-miRNA-126-5p, LV-miRNA-126, LV-miRNA-126-3p sponge, and LV-miRNA-126-5p sponge were constructed (ObiO, Shanghai, China). These plasmids were transfected into 293T cells with VSVG and p delta plasmid by calcium phosphate precipitation. 293T cells were switched to virus production medium containing Ultraculture (Lonza, Basel, Switzerland), penicillin and streptomycin (Millipore, Temecula, CA, USA), sodium pyruvate (GIBCO, Carlsbad, CA, USA), and sodium butyrate (Sinopharm chemical reagent, Shanghai, China) for 24 h. The supernatant was collected at 48 and 72 h after transfection. The viral vector was purified by 20% sucrose density gradient ultracentrifugation at 28,000 rpm for 2 h. Lentiviral vector carrying GFP was simultaneously prepared as a control.[@bib45]

Viral Vector Transduction {#sec4.3}
-------------------------

HUVECs were transduced with 2.8 × 10^6^ particles of LV-miRNA-126-3p, LV-miRNA-126-5p, LV-GFP, LV-miRNA-126-3p sponge, LV-miRNA-126-5p sponge, and LV-GFP sponge (MOI = 10) at 80% confluence. Medium was changed 24 h after transduction. Cells were harvested 72 h after transduction. Transduction efficiency was analyzed by counting GFP-positive cells 72 h after transduction using flow cytometer.[@bib45] Proliferation and migration assay were carried out 72 h after virus transfection.

Proliferation Assay {#sec4.4}
-------------------

HUVECs were treated with 10 μM BrdU (Sigma, Saint Louis, MO, USA) for 6 h. For BrdU staining, cells were fixed with 4% paraformaldehyde and then treated with 0.3% Triton X-100 in PBS, 1N HCl, and 2N HCl solution for 10 min at 37°C. After blocking with 5% BSA for 1 h at room temperature, cells were incubated with anti-BrdU (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-Histone 3 (Proteintech, Wuhan, China) antibodies at 4°C overnight. Finally, the cell coverslips were incubated with proper secondary antibodies for 1 h at room temperature. The number of BrdU-positive cells was counted manually under a microscope in five random fields.[@bib6]

Migration Assay {#sec4.5}
---------------

Migration assay was performed as previously described.[@bib46] In brief, the migration test was performed in 24-mm Transwell with 8.0-μm pore polycarbonate membrane inserts (Corning, Corning, NY, USA). HUVECs transduced with lentiviral vectors were starved 12 h before migration assay. The Transwell chambers were coated with fibronectin (Sigma, Saint Louis, MO, USA) for at least 2 h. Extracellular matrix medium (ECM) (500 μL) was added to the lower compartment. HUVECs (2 × 10^4^) suspended in serum-free and growth factors-free ECM were added to the upper chamber. After 24-h incubation, chambers were stained with crystal violet (Beyotime, Shanghai, China) for 10 min. The number of cells that migrated to the lower membrane surface was counted under a microscope (Leica Microsystems) in five random fields, and three wells were counted for each group.

Tube Formation Assay {#sec4.6}
--------------------

Tube formation assay was performed as previously described.[@bib47] In brief, Matrigel (50 μL; BD Biosciences, Franklin Lakes, NJ, USA) was added into 96-well plate and incubated at 37°C for 30 min. A total of 2 × 10^4^ HUVECs transduced with LV-miRNA-126-3p, LV-miRNA-126-5p, LV-GPF, LV-miRNA-126-3p sponge, LV-miRNA-126-5p sponge, or LV-GFP sponge were suspended in 100 μL of ECM (Sciencell, San Diego, CA, USA) and seeded in the Matrigel-coated plate. After culturing for 3 h, the tube morphology was captured, five random fields per well, and three wells per group were counted. Tube length was measured and analyzed using ImageJ software.

Lentiviral Vector Brain Transduction {#sec4.7}
------------------------------------

One week after pMCAO, mice were randomly divided into two groups and anesthetized with ketamine and xylazine and fixed on a stereotactic frame (RWD, Shenzhen, China). A total volume of 5 μL of LV-miRNA-126 (titer = 5.6 × 10^8^/mL) or LV-GFP viral particles was injected stereotactically at a rate of 0.2 μL/min at 2 mm lateral to the bregma and 2.5 mm deep under the dura. The needle was maintained for 10 min before withdrawal. The bone hole was sealed with bone wax, and the wound was sutured. After awakening from anesthesia, the mice could return to their cages for long-term recovery.[@bib48]

Brain Atrophy Volume Measurement {#sec4.8}
--------------------------------

A series of 20-μm coronal sections was cut from the location that is anterior commissure to hippocampus. The distance between each section was 200 μm. The sections were stained using cresyl violet, and the atrophic area was calculated by subtracting the cresyl violet-stained area in the ipsilateral hemisphere from the whole area of the contralateral hemisphere using ImageJ software. The atrophy volume was calculated by the following formula: $= \sum_{1}^{n}\left\lbrack {\left( {S_{n} + \sqrt{S_{n} \ast S_{n + 1}} + S_{n + 1}} \right) \ast {h/3}} \right\rbrack$. Here *S* represents the atrophic area (mm^2^) in each brain section, and *h* represents the adjacent brain slices height, here *h* = 0.2 mm.[@bib12]

Neurobehavioral Tests {#sec4.9}
---------------------

Two investigators who were blinded to the experimental groups performed neurobehavioral tests, including rotarod test and mNSSs. For rotarod test, mice were trained for 3 consecutive days prior to pMCAO surgery, and rotarod test was performed 1 day before pMCAO as baseline, and 1, 2, 3, and 4 weeks after pMCAO (0, 1, 2, and 3 weeks after virus injection). Mice were allowed 1-min adaption period on the rod in rotarod test, after which the rod was accelerated to 40 revolutions per minute over 2 min; the time spent on the rod was recorded and analyzed.

mNSSs of the animals were graded on a scale of 0--14, which included motor, sensory, balance, and reflex tests (normal score, 0; maximal deficit score, 14).[@bib49] mNSS test was performed at 1, 2, 3, and 4 weeks after pMCAO (0, 1, 2, and 3 weeks after viral vector injection).

Immunohistochemistry {#sec4.10}
--------------------

Brains were post-fixed for 12 h with 4% paraformaldehyde, immersed in 30% sucrose until brains sunk to the bottom, then quickly frozen with isopentane. Brains were cut into 20-μm-thick coronal sections. Floating coronal sections were collected in antigen protective solution, which contained 20% glycol, 30% glycerol, and 50% PBS.

BrdU (50 mg/kg intraperitoneally doses given 8 h apart) was administered 1 week prior to mice sacrifice, and mice were sacrificed 2 and 3 weeks after stereotactic injection. For BrdU staining, sections were first fixed with 4% paraformaldehyde. The sections were treated with 0.3% Triton X-100 in PBS for 20 min and 1N HCl for 30 min at 37°C. The sections were then neutralized with sodium borate twice for 10 min in each. Sections were blocked by 5% BSA for 1 h at room temperature and incubated with anti-CD31 (R&D Systems), anti-DCX (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-BrdU antibodies at 4°C overnight. Finally, the sections were incubated with proper secondary antibodies for 1 h at room temperature.

To quantify the length and diameter of blood vessels, three fields were randomly selected from the perifocal region in each section, and five sections were calculated from each animal. Vessel length and diameter were measured by ImageJ software. Total vessel length per field, average vessel diameter, and the number of CD31^+^/BrdU^+^ cells in the perifocal region were compared to determine angiogenesis and vessel remodeling. The number of DCX^+^/BrdU^+^ cells in SVZ and perifocal region were quantified for neurogenesis.[@bib19] To localize the PTPN9 expression, we double stained brain sections with PTPN9 (R&D Systems, Minneapolis, MN, USA) and NeuN (Millipore, Temecula, CA, USA), PTPN9, and CD31 (R&D Systems).

Real-Time PCR {#sec4.11}
-------------

Regional brain tissues from the ipsilateral hemisphere of ischemic mice (infarct hemisphere), including cortex and striatum, were isolated for real-time PCR to determine the mRNA levels of miRNA-126-3p and miRNA-126-5p target genes including *DUSP10*, *SPRED1*, *PTPN9*, *PTPN7*, and *PIK3R2*. RNA (300--500 ng) was used for the reverse transcription reaction with PrimeScript RT reagent kit according to the manufacturer's instruction (Takara, Dalian, China). The cDNA was quantified with StarScript II SYBR Two-Step qRT-PCR Synthesis Kit (Genstar, Beijing, China). The amplification parameters were under the following conditions: 95°C for 30 s followed by 40 cycles of 95°C for 5 s, and 60°C for 30 s. The primer sequences are listed in [Table 1](#tbl1){ref-type="table"}.Table 1Real-Time PCR PrimersGeneForward Primer (5′--3′)Reverse Primer (5′--3′)*DUSP10*CTCTGGTGTTGAAAGGTGGACTTGGAGCTGGAGGGAGTTGT*SPRED1*CTCAGGGACAAAATGGTGGTTCCAGTGGTGAAATGTTGGAGT*PTPN9*ACAGTGACCAATCTAGGCGTGTTTCTGCCGTTCCTCTGTGT*PTPN7*GGACATGAAAGAGTGCCCAGACCAGGCCGAAAAGAGGATGT*PIK3R2*CACTCACCTTCTGCTCCGTTTCTGGTCCTGCTGGTATTTGG

Western Blot Analysis {#sec4.12}
---------------------

Brain tissues from the ipsilateral hemisphere of ischemic mice (infarct hemisphere), including cortex and striatum, were sonicated in homogenizing buffer, including radioimmunoprecipitation assay buffer (RIPA) lysis buffer (Millipore, Temecula, CA, USA), protease cocktail inhibitor (Thermo Fisher, Waltham, MA, USA), phosphatase inhibitor (Roche, Basel, Switzerland), and phenylmethanesulfonyl fluoride (Sigma, Saint Louis, MO, USA). Protein samples were loaded onto 10% resolving gel and incubated with primary antibodies including PTPN9 (1:1,000 dilution; Proteintech, Rosemont, IL, USA); p-AKT, AKT, p-ERK, ERK (1:1,000 dilution; Cell Signaling Technology, Danvers, MA, USA); and β-actin (1:1,000 dilution; Invitrogen, Carlsbad, CA, USA).

Dual-Luciferase Gene Reporter Assay {#sec4.13}
-----------------------------------

3′ UTR and mutant 3′ UTR of mouse PTPN9 were amplified and cloned into a pGL3 vector containing the firefly luciferase reporter gene (ObiO, Shanghai, China). For the dual-luciferase gene reporter assay, 293T cells were co-transfected with 0.1 μg of firefly luciferase constructs, 0.01 μg of pRL-TK renilla luciferase plasmid, and 100 nmol/L synthetic miRNA-126-3p, miRNA-126-5p mimic molecular, or mimic control molecular. Luciferase activity was measured using a dual-luciferase gene reporter assay (Promega, Madison, WI, USA) 48 h after transfection. The results were calculated as relative luciferase activity (firefly luciferase/renilla luciferase).

Statistical Analysis {#sec4.14}
--------------------

Data from different groups were compared using one-way ANOVA followed by Tukey's post-tests or t test using SPSS 18.0 (SPSS, Armonk, NY, USA). All data were presented as mean ± SD or median with 95% confidence interval (CI). A p value \<0.05 was considered statistically significant.
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